Abstract Developmental biochemical information is a vital base for the elucidation of seed physiology and metabolism.
Introduction
Seed development in the life cycle of higher plants is a vital process linking two distinct sporophytic generations (Baud et al. 2002; Gutierrez et al. 2007 ). In general, seed development involves a successive program of pattern formation, seed filling and desiccation. Seed formation is initiated after double fertilisation takes place in an embryo sac, and intensive cell division occurs during this period to establish the seed structures (Baud et al. 2002) . Next, a period of seed filling occurs during which the water content increases and storage reserves accumulate, leading to cell expansion. The seed undergoes a period of maturation, including changes in the seed size, the accumulation of nutrient reserves and the suppression of precocious germination (Bewley and Black 1985) . The three major storage reserves commonly found in most seeds are carbohydrates, lipids and storage proteins.
Seed development is genetically programmed and is associated with changes in metabolite levels (Weber et al. 2005) . Metabolic profiling during seed development has been studied in seeds of the model plant Arabidopsis thaliana. A study reported the physiological and biochemical changes and provided a complete description of the seed metabolism for the ecotype Wassilewskija (WS) (Baud et al. 2002) . Indeed, developmental biochemical information is an essential base in understanding the regulatory network coordinating seed development and metabolism. In addition, a better understanding of the pattern of accumulation and mechanisms in seeds is important in any plant-breeding programme. The biochemical aspects of seed development have been studied for numerous plants (Baud et al. 2002; Dangou et al. 2002; Sattler et al. 2004; Silveira et al. 2004; Subramanian et al. 1983) , however there is a lack of data for oil palm seed development.
Oil palm (Elaeis guineensis Jacq.) is an oilseed crop that stores lipids as a major storage reserve, similar to sunflower and castor seed (Baud and Lepiniec 2010) . The oil palm fruit is a drupe which consists of a pericarp, made up of exocarp (skin), mesocarp (pulp) and endocarp (shell) which encloses a kernel (Corley and Gray 1976) . The kernel consists of a hard fatty endosperm tissue surrounded by testa, a dark coloured integument (Hussey 1958) . A cylindrical embryo approximately 3 mm in length was embedded in the endosperm near the apex of the kernel (Opute 1975) . Several studies have reported the development and oil deposition of oil palm fruit (Sambanthamurthi et al. 2000) . Fruit development begins at approximately 2 weeks after anthesis (WAA), whereby the endosperm of the seed is small in size and in liquid form. At 8 WAA, the endosperm increases in size, but maintained its liquid form. The endosperm then becomes a semi-gelatinous matrix at 10 WAA. Oil deposition starts at approximately 12 WAA in the endosperm and is almost complete by 16 WAA. During this period the endosperm and endocarp slowly harden and by 16 WAA the endocarp is a hard shell enclosing the kernel. The mesocarp starts to deposit oil at approximately 15 WAA and ends when the fruit ripens at about 20 WAA.
Oil palm is touted as an economically important species because it provides one of the most important sources of edible oil for use in a wide range of products (Nakkaew et al. 2008) . Besides, it is now also a source of biofuel (Corley 2009 ). The fruit of oil palm provides two distinct types of oil: palm oil (extracted from the mesocarp) and palm kernel oil (extracted from the kernel). According to Rival (2007) both of these oils are dramatically different in their fatty acid composition. The palm oil is rich in palmitic acid, oleic acid and linoleic acid, while the palm kernel oil is rich in lauric acid. Palm oil is used for edible purposes (e.g. cooking oil, shortenings and margarines) whereas palm kernel oil generally has wide applications in the soap and oleochemical industry (e.g. methyl esters, detergents and surfactants). In Malaysia, the commercial planting material is the tenera hybrid (fruit with a shell of intermediate thickness), which is the product of a cross between dura (thick shell) and pisifera (shell-less). The fruit of tenera variety comprise 70 % mesocarp, 10 % shell and 20 % kernel (Kushairi et al. 2011 ) of which 35 % palm oil and 5 % palm kernel oil can be extracted from a single fruit (Henson 2012) .
The aim of this study was to characterise the biochemical compositions of developing oil palm seeds in a commercial planting material, namely tenera. The variations in the oil palm seed compositions between developmental stages were compared. The biochemical characterisation of the oil palm seed is useful to identify metabolic and physiological changes associated with seed growth and development.
Materials and methods

Plant material
The oil palm (E. guineensis Jacq.) fruit bunches of tenera palms were obtained from the MPOB-UKM research station, Selangor, Malaysia. The palms underwent an openpollinated regime. The inflorescences were tagged based on the appropriate physiological state at anthesis. The fruit bunches were harvested at defined developmental stages: 5, 8, 10, 13 and 16 weeks after anthesis (WAA) (Fig. 1) . Four bunches of palm fruits from each developmental stage were collected from different palm trees based on the time range of tagging and morphological observations. Each bunch of oil palm fruit from different palms represents a single biological replicate for each analysis. Due to the small amount of liquid endosperm available at stages 5 and 8 WAA, two bunches of palm fruits were collected from each palm and pooled as a single biological replicate. The oil Fig. 1 Developing oil palm fruits at different development stages (weeks after anthesis, WAA). The oil palm fruit comprise exocarp (E), mesocarp (M) and endocarp (S) which encloses the kernel (K). At 5 WAA (a) and 8 WAA (b), the endosperm of the seed is in the liquid form, which turns semi-gelatinous at 10 WAA (c). The oil palm embryo is usually not apparent at these early developmental stages. However by 13 WAA (d) and 16 WAA (e), developed embryo in the endosperm can be distinguished (bars 1 cm) palm fruits were manually detached from the bunch. The kernel in the form of liquid and gel-like were collected using a micropipette. For the solid kernel, the fruits were dipped into liquid nitrogen and then the seed was cracked to free the kernel with testa from the frozen fruit. Immediately after collection, the samples were lyophilised for 24-72 h. The dried samples were homogenised and stored at -20°C for further use. Fresh samples were used for the vitamin analyses.
Fresh and dry weight determination
The average fresh weight (FW) of the seed was obtained by measuring the total weight of approximately five random samples just after harvest. The average dry weight (DW) was determined by drying at 105°C until reaching a constant weight.
Lipid, protein and total carbohydrate content determination
The lipid content was extracted with light petroleum ether (60°C) for 8 h using a Soxhlet extractor. The extract was evaporated, and the weight of the residue was determined. The protein content was measured using the micro-Kjeldahl method (AOAC International 2000), and the protein was calculated using a general conversion factor of 6.25. Total carbohydrate was estimated based on the difference between the total weight (100 %) from the sum percentage of protein, lipid, ash and water content (AOAC International 2000).
Sugar analysis
The soluble sugars were analysed according to Wall and Gentry (2007) with minor modifications. The concentrated methanolic extract was diluted to a volume of 10 ml with 50 % (v/v) acetonitrile. The extract was partially purified using a C 18 cartridge (Agilent AccuBond, Germany) that was pre-conditioned with methanol, followed by deionised water. The soluble sugars in the samples were then separated and quantified using high-performance liquid chromatography (HPLC) (Jasco, Japan) using a Zorbax carbohydrate analysis (4.6 9 150 mm, Agilent Tech., Germany) column and detected using a refractive index detector. Sugar standards were obtained from Fisher Scientific (USA).
Fatty acid composition determination
The fatty acid composition was determined after methylation with sodium methoxide (Ainie et al. 2005) , and the analysis was conducted using a gas chromatograph (HP 6890, USA) equipped with a flame ionisation detector. The column used was a BPX-70 capillary column (30 m 9 0.32 mm i.d., 0.25 lm film, SGE Inc., Texas) packed with 70 % cyanopropyl polysilphenylene siloxane. The column temperature program started at 140°C for 5 min and then increased to 240°C (5 min) using a gradient of 4°C/min. The temperature of the injection port and detector were set at 260°C. Nitrogen was used as the carrier gas. The identification of fatty acid peaks was achieved by matching their retention time data with those of the authentic reference standards (Supelco 37 component FAME, USA) and quantified by electronic integration using Chemstation software Rev. B06.03 (Agilent Tech., Germany).
Mineral analysis
The digestion of the samples was performed according to the standard methods of AOAC International (2000), with minor modifications. The organic matter in the sample was mineralised using a mixture of concentrated HNO 3 and 60 % (v/v) HClO 4 . The sample was then diluted to a final volume of 25 ml with deionised distilled water. The mineral content of each sample was determined using the Perkin Elmer 2000 DV ICP-OES (USA); the instrument was calibrated with four multi-component standards and a blank before use. A series of verification standards, interference check solution and blanks were analysed and evaluated prior to analysing any of the samples. Element standard solutions were obtained from Merck (Germany).
Determination of fat-soluble vitamins
The extraction of fat-soluble vitamins was performed according to Qian and Sheng (1998) with minor modification. The samples were extracted using a mixture of acetone-chloroform solvent (30:70); the solvent extract was evaporated under nitrogen, and the residue was redissolved in hexane. The fat-soluble vitamins in the samples were separated by HPLC (Agilent 1100, Germany) using a Zorbax XDB C 8 , 4.6 9 150 mm (Agilent Tech., Germany) column eluted with 95 % (v/v) methanol at a flow rate of 1.0 ml/min and detected using a variable wavelength detector. Standards for the fat-soluble vitamins were obtained from Sigma (USA).
Determination of water-soluble vitamins
The water-soluble vitamins were extracted from the samples by acid and enzyme hydrolysis according to Viñas et al. (2003) . The HPLC analyses were conducted using the Ultimate 3000 chromatograph (Dionex Corp, USA). The separation of the vitamins was performed using an Acclaim PA2 C 18 column, 4.6 9 150 mm (Dionex Corp, USA), and J Plant Res (2013) 126:539-547 541 the vitamins were detected using a diode array detector. Gradient elution was performed with 25 mM sodium phosphate, pH 2.6-acetonitrile at flow rate 1.0 ml/min. Standards for the water-soluble vitamins were obtained from Sigma (USA).
Statistical analysis
The data collected were statistically analysed using the SAS system (SAS Institute Inc., Cary, NC). The data presented are the means of four biological replicate, and two measurements were conducted for each biological replicate. The means between the developmental stages were statistically compared using LSD, which was used to indicate significant differences (P \ 0.05). The correlation analysis was computed to study the relationship between the metallic ions and protein content.
Results
Growth parameters and storage accumulation during seed development
Elaeis guineensis seed development ( Fig. 1) was investigated from stages of the early liquid (5 WAA) to solid mature form (16 WAA). It was observed that the fresh weight of the seed increased progressively between 5 and 8 WAA (Fig. 2a) . The fresh weight increase was more pronounced (P \ 0.05) from 10 to 16 WAA. A similar trend was observed for the dry weight of the seeds. A high water content was observed at 5 WAA (98 %) and 8 WAA (96 %). As seed development progressed, a rapid decline (P \ 0.05) in the water level was observed. Lipid, protein and carbohydrate were accumulated throughout seed development (Fig. 2b) . The lipid and total carbohydrate content increased significantly (P \ 0.05) at 10 WAA, and the protein content accumulated gradually and remained relatively constant until the late developmental stage of the seed.
Sugar content
The soluble sugars were measured throughout seed development, and notable changes in the soluble sugar levels were observed. Glucose and fructose were the major soluble sugars found in early seed development, and the glucose levels were always higher than the fructose levels (Fig. 3) . The glucose and fructose contents remained relatively constant during the early developmental stages, and their concentrations decreased dramatically (P \ 0.05) at 10 WAA. At 13 and 16 WAA, only trace amounts of glucose and fructose were found. Sucrose (Fig. 3 ) was present in low amounts at the early seed development stage and increased to a maximal amount at 10 WAA (100.99 mg g DW -1 ), corresponding to the decrease in the hexose (glucose and fructose) level. As the seed developed further, a dramatic decrease (P \ 0.05) in the sucrose level was observed at 13 WAA and then remained constant at 16 WAA. Maltose was only detected at 5 and 8 WAA.
A high hexose/sucrose ratio was observed at 5 WAA (Fig. 3) , and a reversal in the hexose/sucrose ratio trend occurred at 10 WAA due to a decrease in the hexose level and an increase in the sucrose level. This trend continued in the subsequent developmental stages, reaching the lowest hexose/sucrose ratio at 16 WAA.
Fatty acid composition
The fatty acid composition was determined during oil palm seed development (Fig. 4 ). An increase in the relative proportion of fatty acids up to C14:0 and a corresponding decrease in the higher unsaturated fatty acids (from palmitic acid, C16:0 and above) were the major changes observed in the developing seed. The C10:0 (capric acid) level increased progressively as the seed developed further. At 10 WAA, the proportion of C12:0 (lauric acid) and C14:0 (myristic acid) increased dramatically, whereas C16:0, C18:0 (stearic acid), C18:1 (oleic acid) and C18:2 (linoleic acid) gradually decreased. Only minor and insignificant changes occurred between 13 and 16 WAA. The fatty acid composition became more unique at the late stages (13 and 16 WAA), with medium-chain fatty acids (C12:0) accumulating to more than 50 % of the total fatty acids in the seed.
Mineral composition
The mineral analyses throughout the seed developmental stages are shown in Fig. 5 . Manganese (Mn) was the most abundant microelement found in the developing seed ( Fig. 5a ): the Mn concentration was high at 5 WAA (0.68 lg g DW -1 ) and then declined markedly (P \ 0.05) as the seed developed further. The copper (Cu), iron (Fe) and zinc (Zn) contents were low at 5 WAA but increased rapidly (P \ 0.05) at 10 WAA (Fig. 5b) . These concentrations decreased gradually at 13 WAA, and lesser changes in the concentrations were found during 16 WAA.
In young seeds (5-8 WAA), the calcium (Ca) and magnesium (Mg) contents were at high levels (Fig. 5c) . The highest level of Ca was observed at 5 WAA (66.41 mg g DW -1 ) and decreased significantly (P \ 0.05) at 10 WAA, followed by a gradual decline (P \ 0.05) Fig. 4 Changes in the fatty acid composition during oil palm seed development. The data represent the mean of four independent measurements during the remainder of seed development. The Mg content found in the developing seed followed a trend that was similar to the Ca content. The potassium (K) content increased sharply and reached a maximal amount of 25.99 mg g DW -1 at 10 WAA (Fig. 5c) . In contrast, a reduction of in the K level was observed as seed development progressed. The phosphorus (P) content was initially low but was progressively accumulated (P \ 0.05) up to 6.53 mg g DW -1 at the late developmental stage.
Vitamin content
The fat-soluble and water-soluble vitamin contents were also determined during seed development (Fig. 6) . The alltrans retinol, a-tocopherol and ergocalciferol concentrations were at low levels during early development (Fig. 6a) , and the all-trans retinol and a-tocopherol contents increased significantly (P \ 0.05) as the seed developed further. The ergocalciferol content increased and reached to a maximal amount (0.28 lg g FW -1 ) at 10 WAA and then declined at 13 WAA; ergocalciferol was not detected at l6 WAA.
The water-soluble vitamin content during seed development is shown in Fig. 6b . Thiamine and pyridoxine were not detected at 5 WAA, whereas the thiamine concentration increased significantly (P \ 0.05) from 8 WAA (0.13 lg g FW -1 ) to 16 WAA (1.01 lg g FW -1 ). The pyridoxine content accumulated significantly (P \ 0.05) from 8 WAA until 13 WAA and then declined (P \ 0.05) to 0.26 lg g FW -1 at 16 WAA. The niacin content was markedly increased (P \ 0.05) at 8 WAA (8.33 lg g FW -1 ), and, as the seeds developed further, a loss of niacin was observed; niacin was not detected at 10 WAA. Riboflavin accumulated significantly (P \ 0.05) throughout seed development: the level increased sharply during early development and reached a maximum of 7.16 lg g FW -1
at 10 WAA. However, a gradual decline was observed at 13 and 16 WAA.
Discussion
In this study, the seed weight gradually increased throughout the experimental period in a manner similar to that observed during soybean seed development (Sitthiwong et al. 2005) . The increase in seed weight as the seed developed was due to rapid cell division and expansion (unpublished data), accompanied by a progressive accumulation of storage reserves. However, the water content during seed development demonstrated a trend opposite to that of the seed weight. A high water content during early seed development is important for metabolic activity and the maintenance of seed growth (Westgate and Grant 1989) ; at the late stages, the water loss is most likely due to the deposition of storage reserves which displaces water from the cells (Kermode 1990) . Lipid accumulation in the developing seed closely paralleled the increase of the dry weight. Such a phenomenon had been observed in a number of seeds, including oilseeds A. thaliana (Baud et al. 2002) , rape (Eastmond and Rawsthorne 2000) and soybean (Yazdi-Samadi et al. 1977) . The accumulation of lipid in oil palm seeds is important as it serves as a source of assimilates for the young seedling (Corley and Law 2001) .
The amount of soluble sugars was found to vary remarkably during seed development. High levels of hexoses (glucose and fructose) accumulated during early development and then decreased. A similar trend of accumulation of hexoses was reported for A. thaliana (Baud et al. 2002) and coffee seeds (Rogers et al. 1999 ). The resulting high hexoses level is related to growth and mitotic activity (Weber et al. 2005) . Sucrose has a dual function in seed development, serving as a transport and nutrient sugar and as a signal for triggering storage-associated processes (Koch 2004) . The change of the sucrose levels during oil palm seed development suggests its possible role in inducing the storage pathway, as proposed by Weber et al. (1997) . A significant increase in the sucrose content was Fig. 6 Accumulation of vitamins throughout oil palm seed development. Fat-soluble vitamins (all-trans retinol, a-tocopherol and ergocalciferol) (a) and water-soluble vitamins (thiamine, riboflavin, pyridoxine and niacin) (b) are presented. The data represent the means of four independent measurements (bar SE, FW fresh weight, ND not detected) observed at 10 WAA, which also coincided with the accumulation of lipids and proteins.
During early developmental stages, the oil palm seed showed the high hexose/sucrose ratio that characterises the pre-storage phase (Weber et al. 1998) . The high level of hexoses appears to be necessary for promoting cell growth (Weber et al. 1997) . The initiation of the maturation phase is indicated by a switch from a high hexose status to a sucrose-based carbohydrate status that will initiate storageassociated differentiation (Koch 2004 ). This change occurred in the seeds at 10 WAA and coincided with other changes indicated above, i.e., the accumulation of storage reserves, further confirming the beginning of the maturation phase. According to Weber et al. (2005) the transition stage is accompanied by multiple changes, i.e., an increase in sucrose levels and a switch from a high hexose state to a high sucrose state, a switch from mitotic growth to growth driven by cell expansion and the induction of storageassociated gene expression, leading to high metabolic fluxes to generate storage products. The results of the present study seem to be in agreement with the abovementioned statement, and the 10 WAA stage is postulated as the transition stage from a metabolic sink to a storage sink.
The change in the fatty acid composition during seed development reflected a remarkable transition from an initial stage in which the seed as enriched in C16:0, C18:1 and C18:2 to a final stage in which C12:0 was present as the predominant lipid component. The trends of fatty acid distribution in the present study are similar to those reported in the study by Jayalekshmy et al. (1986) for developing coconut water. The high amount of C16:0 and C18:2 in the early stages of lipid synthesis are typically important as membrane fatty acids, reflecting a high cellular synthesis rather than storage lipid synthesis (Sambanthamurthi et al. 2000) . In our study, the highest proportion of C12:0 was found at 13 WAA, implying that the active synthesis of storage lipids occurred during this stage. This finding is in accordance with the study by Oo et al. (1985) who had verified that the active synthesis of storage lipids in oil palm seeds began at 12-13 WAA. Oil palm seed is a unique tissue because it contains significant amounts of C12:0 as the major storage fatty acid.
Most of the minerals determined in this study showed their highest levels during early seed development, and the amount remained low during the late developmental stages. A few studies have reported that the general pattern of the metal content was a decrease in the embryo and endosperm as the seed developed. Dangou et al. 2002 quantified the chloride, sulphate, nitrate and phosphate levels in developing coffee seeds. In their study, whole grains of Coffea canephora and C. arabica were analysed from 18 to 36 weeks after flowering (WAF) on a dry-weight basis: the four anions measured generally decreased as seed development progressed. Pullman and Buchanan (2003) quantified the total mineral contents in developing embryo and female gametophyte (FG) tissue of loblolly pine (Pinus taeda L.) for 12 elements. The mineral contents were analysed on dry-weight basis from stage 1, collected 1-2 weeks after estimated fertilisation, to stage 9.10 (stage 9, week 10). Most of the minerals showed their highest levels during early embryo and FG development and remained constant as the seed developed further. Nitrogen, P, K, Ca, Mg, Fe, Zn, Mn and Cu were measured on a dryweight basis from 4 to 11 WAA in developing soybean (Glycine max cv. Lee) seeds (Sale and Campbell 1980) , and most of the minerals were present in high levels during early seed development.
Among the elements quantified in this study, Mn and Ca were highly accumulated during early seed development and decreased as the seed developed further. A similar pattern of Mn and Ca accumulation has been shown to occur in the developing soybean seed (Sale and Campbell 1980) . The Cu, Zn, Fe, P and K contents were also observed to increase during early seed development in our study, and their concentration gradually decreased or remained relatively constant as seed development progressed. Zn is an essential component of more than 300 enzymes that maintain structural integrity and biological functions (Marschner 1995) . In addition, Zn is also the most vital microelement that affects protein synthesis in plants (Cakmak et al. 1989) . As reviewed by Cakmak et al. (2004) there are several studies that showed that the concentration of Zn and protein accumulation in seeds were positively correlated. Our results showed that the accumulation of metallic ions (Zn, Fe and Cu) coincided with the protein content during oil palm seed development. A strong positive correlation was observed for Fe (r = 0.82, P \ 0.01) and Zn (r = 0.75, P \ 0.01) with respect to the protein content, whereas Cu (r = 0.67, P \ 0.01) only had a moderate positive correlation with the protein content. Hence, the accumulation of metallic ions during oil palm seed development is possibly related to protein synthesis.
Two different groups of soluble vitamins were studied, and it was observed that the fat-soluble vitamins significantly increased as the seed developed, whereas the watersoluble vitamins decreased or remained constant. Numerous studies have investigated the presence and role of vitamin E in plants (Falk et al. 2004; Horvath et al. 2006; Munne-Bosch and Alegre 2002) , but only a limited amount of data are available for vitamins D 2 and A in plants. Vitamin E tocopherols (a-, b-, c-and d-form) act as lipophilic antioxidants (Munne-Bosch and Alegre 2002) . In the present study, a-tocopherol was found to be accumulated at the late developmental stage. A similar phenomenon had been observed in barley seeds, and the researchers postulated that the major role of tocopherols in seeds is for protecting the stored lipids from oxidation (Falk et al. 2004) . A study on mutant Arabidopsis had demonstrated that the primary role of tocopherols is to limit non-enzymatic lipid oxidation during seed storage, germination and early seedling development (Sattler et al. 2004) .
The results of the present study indicate that the watersoluble vitamins varied depending on the developmental stage of the seed. Niacin was notable during early seed development but was reduced at the late stage. Niacin is a metabolic product of the cofactors NAD and NADP, which are important in numerous enzymatic reactions, including those related to the metabolism of carbohydrates (VidalValverde et al. 2001) . It is known that thiamine is a precursor of the cofactor thiamine diphosphate, which is required by numerous enzymes that are involved in the metabolism of carbohydrates and amino acids (Settembre et al. 2003) . A study on sesame seeds (Sesamum indicum L.) during seed maturation and germination suggested that thiamine was accumulated and stored as a complex with proteins in the mature seed and then used for growth during seed germination (Watanabe et al. 2003) .
In conclusion, our results provide the natural range of the biochemical composition of oil palm seed and offer insight into some metabolic activities during oil palm seed development. The data obtained in this study showed that metabolic compounds, such as hexoses, and calcium and manganese may be required to promote growth during early seed development. Significant changes in the carbohydrate status seem to indicate the beginning of the reserve deposition phase. The lipids and proteins stored in the seed may be used for germination. The information in this study is not comprehensive for the elucidation of seed development and metabolism, but it can be used as a guide for optimising the culture media for generating somatic embryos.
